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ABSTRACT 


This  report  describes  a  life  test  of  an  attitude  control  and  station 
keeping  subsystem  which  uses  an  electrically-heated  ammonia  propulsion 
system.  A  high-performance  ammonia  thruster  and  a  zero- gravity 
ammonia  feed  system  were  operated  in  response  to  the  stimulus  of  control 
electronics  typical  of  future  military  spacecraft.  This  test  was  a  continua¬ 
tion  of  a  successful  one -month  demonstration  test  performed  as  the  final 
task  of  a  system  development  program.  In  total,  the  test  was  continued 
for  a  period  of  752  days,  during  540  days  of  which  the  system  was  operated 
closed-loop.  The  feed  system  was  operational  for  the  entire  test  period. 

It  successfully  regulated  delivery  pressure  to  within  a  3  percent  deadband 
under  a  wide  variety  of  environmental  and  duty  cycle  conditions.  Three 
different  four  -  no  z  ale  thrusters  were  tested,  twe  of  which  failed  due  to 
ammonia  corrosion  after  periods  of  5  and  3-1/2  months.  The  test  of  the 
third  thruster  was  terminated  after  a  6 - rr 'rath  period  of  successful  opera¬ 
tion.  No  ammonia  corrosion  was  evident.  The  thruster  characteristics 
included  a  delivered  specific  impulse  of  240  seconds  at  1500°F.  A  power 
level  of  14  watts  was  required  to  maintain  this  temperature  with  no  flow. 
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1 .  INTRODUCTION 


Thib  report  describee  tne  woik  performed  by  TRW  Systems  on  the 
life  test  of  an  Attitude  Control  and  Station  Keeping  .Subsystem  (ACSKB) 
which  u?es  an  electrically -heated  ammonia  propulsion  system.  The  effort, 
which  occurred  during  the  period  7  August  1967  to  ?0  July  1969,  wps 
supported  and  directed  by  the  Air  Force  Aero  Propulsion  Laboratory 
(AFAPL)  under  Contract  AF33(6l 5) -3729. 

The  ACSKS  comprises:  (i)  an  attitude  control  and  station  keeping 
electronics  unit,  (2)  resistively  heated  ammonia  thrusters,  and  (3'  a  .zero 
gravity  ammonia  feed  system.  The  oh.iectives  of  the  program  were  to 
determine  experimentally  the  long-term  operating  characteristics  and 
reliability  of  a  high-performance  subsystem  uddeh  integrates  these  ele¬ 
ments  in  a  manner  typical  of  future  spacecraft  applications  and  to  imple¬ 
ment  design  changes  to  achieve  the  desired  performance  characteristics. 

Following  the  successful  completion  cf  the  design,  development  and 
demonstration  testing  of  a  high-performance  attitude  control  and  station 
keeping  sc  ^system  {Reference  4)  the  subsystem  was  subjected  to  a  long¬ 
term  life  test.  The  total  life  test  period,  including  the  demonstratio*?.  test, 
extended  through  a  time  period  of  752  days-  Of  this  time  period,  the 
ACSKS  components  were  operated  in  closed  loop  for  540  days.  During  the 
course  of  the  life  test,  several  problems  were  encountered  with  the  com¬ 
patibility  of  thruster  materials.  Solutions  to  those  problems  were  found 
as  a  result  of  data  obtained  from  post -operative  analyses  of  thrusters  and 
from  a  materials  compatibility  test  program  initiated  concurrently  with 
the  life  test  program. 

The  attitude  control  electronics  unit  end  zero-gravity  feed  system 
were  operated  successfully  during  the  entire  life  test.  The  thruster, 
after  modifications  as  indicated  by  independent  tests,  was  operated 
successfully  during  the  final  IB 0-day  period  of  the  life  test.  The  attitude 
control  electronics  demonstrated  the  capability  of  maintaining  a  pointing 
accuracy  of  *0. 1  degree.  The  thruster  demonstrated  the  capability  of 
delivering  a  specific  impulse  of  240  seconds  when  operated  at  1500°F. 

The  power  required  to  maintain  this  temperature  was  14  watts.  Thw  thrust 
level  was  varied  within  the  range  of  0.  020  to  0.  030  pound.  There  was  a 


i -watt  degradation  in  thrusts?  thermal  performance  resulting  from  § 

insulation  contamination  in  the  test  chamber.  The  sero-gravity  ammonia 

feed  system  demonstrated  the  capability  of  maintaining  a  pressure  control 

limit  of  *i.  5  percent  around  the  nominal  delivery  pressure.  These  control 

limits  were  independent  of  flow  demands  required  by  the  various  operating 

modes  determined  for  the  mission-  The  nominal  delivery  pressures 

required,  by  the  different  thrusters  so  maintain  a  thrust  level  of  0,  020  pound 

were  in  the  range  of  30  to  35  p*ds. 


2.  SUMMARY  OF  THE  PREVIOUS  PROGRAM 


4 


* 


The  life  test  phase  of  the  ACSKS  progress  was  initiated  to  dttowafaw 
the  long-term  operating  characteristics  of  an  attitude  control  and  station 
keeping  subsystem  which  uses  an  electrically -heated  ammonia  propulsion 
system.  This  phase  was  a  continuation  of  a  program  that  initially  included 
the  design,  development,  and  demonstration  test  of  an  attitude  control  and 
station  keeping  subsystem.  In  the  first  phase  of  the  program,  which  is 
reported  in  Reference  1,  a  mission  analysis  was  performed  to  define  a 
general  class  of  spacecraft  missions  of  interest,  determine  their  attitude 
control  and  station  keeping  requirements,  and  establish  a  method  by  which 
an  ammonia  electrothermal  propulsion  system  could  meet  these  require-, 
ments-  Mission  parameters  defined  by  the  program  statement  of  work 
were; 


»  Total  spacecraft  weight; 

»  Altitude: 

•  Thrust  range: 

•  ACSKS  maximum  weight: 

•  ACSKS  maximum  power  consumption: 
«  Total  impulse  (Hot): 

•  Minimum  life: 

®  lolar  array  area: 

•  Stabilisation  mode: 


2000  pounds 
Earth  synchronous 
0.  005  tc  0.  050  pound 
100  p  wind  a 
100  watts 
10,  000  lb-sec 
1  year 
100  ft^ 

Three -axis 


In  addition  to  the  mission  analysis,  a  control  te^nique  survey  was 
performed  to  determine  the  best  type  of  electronic  control  logic  to  per¬ 
form  the  mission  requirement.  As  a  result  of  this  survey,  the  pulse 
ratio  modulation  (PRM)  approach  was  selected  as  the  mo»t  suitable  control 

logic  for  commanding  the  reaction  jet  pulses. 

A  complete,  three -axis  attitude  control  and  station  keeping  subsystem 
was  designed  to  meet  the  selected  mission  requirements.  The  subsystem 
has  the  capability  of  maintaining  an  earth  pointing  accuracy  of  ±0.  1°, 
provides  in -plane/ longitude  and  out -of -plane /latitude  station  keeping  of 
43.  9  lb-sec  pur  day,  and  provides  the  required  impulse  to  remove  initial 
displacements  and  rates  to  achieve  acquisition. 


■i.-.ibi.sfaairtuiL lA-. 


-■  «*fr.  :e*. 


•.  ,  •*-%.v*s  "-“w- .  iJ&^F  taw<w»»sii«  '-f-! 


The  thruster*  selected  for  the  subsystem  were  rosistively  hta*sd,  ^ 

thermal-storage  device*.  Four  thrusters  were  required  for  the  subsystem 
sued  each  thruster  contained  four  aossles  located  in  a  plane  as  mutually  % 

orthogonal,  In-line,  opposed  pairs.  Each  noasle  was  designed  to  develop 
0. 020  pound  of  thrust  at  either  ambient  temperature  or  any  temperature 
between  1500°  and  1?50°F.  The  ambient  temperature  represents  the  con¬ 
ditio*,  of  no  power  to  the  thruster,  while  the  temperature  range  of  1500° 
to  i?50  F  is  the  condition  when  the  heater  element  is  energized  directly 
from  the  spacecraft  bus  voltage.  The  thrusters  use  vapor-phase  ammonia 
as  the  propellant.  They  have  the  capability  of  increasing  the  propellant 
temperature  whim  operated  in  the  heated  mode  and  also  decomposing  the 
ammonia  into  molecular  hydrogen  and  nitrogen.  The  thrusters  are  opera¬ 
ted  in  the  cold  gas  mode  during  initial  acquisition  when  the  duty  cycle  may 
be  high.  During  normal  mode  control,  the  thruster  duty  cycle  will  be  low; 
thus,  they  can  bs  operated  hot  and  deliver  peak  specific  impulse.  The 
maximum  hot  duty  cycle,  2  percent,  is  required  for  station  keeping. 

The  ammonia  feed  system  was  designed  to  supply  vapor  phase 

ammonia  to  the  thrusters.  It  was  comprised  to  two  storage  tanks,  each  * 

with  an  independent  flow  and  pressure  regulation  system,  the  maximum 

-4 

flow  demand  that  the  feed  system  was  required  to  supply  was  4x10  lb/ 
sec.  This  maximum  demand  was  to  occur  daring  acquisition  for  a  period 
of  approximately  300  seconds.  The  minimum  ammonia  storage  tank 
pressure  during  this  3C‘0  -rc~ccd  flew  period  wap  assumed  to  86  psia.  The 
nominal  delivery  pressure  to  the  thrusters  was  designed  to  be  30  psia 
with  a  nominal  deadband  of  ±1.0  psi.  Tank  pressure  variations  during 
the  entire  mission  were  expected  to  be  between  60  psia  and  21*  psia. 

During  the  design  and  development  pharc  w'  p.  -gram,  «  complete 
three -axis  control  system  was  simulated  by  an  analog  computer.  Com¬ 
mand  torques  from  the  thrusters  and  inertia  properties.  of  the  spacecraft 
were  also  simulated.  T>~  acquisition,  attitude  control,  and  station  keeping 
behavior  of  Hie  ACSKS  was  examined  within  a  range  of  different  initial 
displacement  and  rate  inputs,  disturbance  torques,  and  station  keeping  I 

rates.  The  results  of  these  tests  are  reported  in  Reference  i. 
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A  series  of  thrust**  -is sign  analyses  was  pstlostaao  to  detonmiat  -?-■  1 

(a)  insulation  configurations  that  would  result  k  minimum  thermal  iosKOftj 
and  (b)  a  flow  passage  design  that  would  result  la  nearly  eemplot* 
position  of  the  ammonia  whan  the  thruster  was  operated  1st  the  heated  ssmh%  » 
Prototype  thrusters  were  fabricated  and  design  rerifieufclea  teste  were  V. 
performed.  In  addition  to  these  tests,  heater  element  tests  were  Initiated 
to  determine  the  operating  characteristics  and  life  expectancy  of  various 
heater  element  materials  and  element  configurations.  Materials  compati¬ 
bility  tests  Vi.*  also  performed  to  determine  If  there  would  be  any 
detrimental  interactions  between  the  thruster  structural  materials. 

The  feed  system  concept  selected  for  the  program  used  capillary 
flow  tubes  to  regulate  the  ammonia  flew  and  insure  that  it  was  delivered  to 
the  thrusters  in  the  vapor  phase.  In  the  aero-gravity  environment  of  space 
?n  which  tfc«  feed  system  is  to  operate,  the  location  of  the  interface  between 
the  vapor  phase  ammonia  and  the  liquid  phase  in  the  prepellant  storage 
tank  is  not  necessarily  predictable.  Because  of  this,  as  propellant  is 
required  from  the  storage  tank,  it  can  exit  as  either  vapor  or  liquid.  The 
capillary  tubes,  which  are  small -diameter  tubes  with  large  length,  -to- 
diameter  ratios,  serve  as  vaporisers  for  the  ammonia  if  liquid  phase  is 
leaving  the  tank.  The  capillary  tubes  arc.  dimensionally  sized  no  a-ut  if 
liquid  ammonia  enters  the  tubes,  it  will  be  completely  vaporized  before  it 
leaves.  Propellant  flow  from  the  tank  was  controlled  by  an  ON-OFF 
*^?enoid  valve.  The  position  of  the  valve  was  controlled  by  a  transducer 
through  a  level  detector  switch  and  valve  driver  assembly.  During  tho 
design  and  development  phase  oi  the  progiaxn,  flow  and  heat  transfer 
analyses  were  performed  to  determine  the  capillary  tube  performance. 

A  heat  transfer  analysis  of  the  heat  extraction  process  between  the  stored 
propellant  and  the  capillary  tube  was  also  performed.  A  prototype  feed 
system  was  assembled  and  both  design  verification  tests  and  pressure 
regulation  interaction  teats  were  performed. 

After  tne  design  and  development  tasks  of  the  program  we-*  com¬ 
pleted,  a  demonstration  test  was  designed  The  purpose  of  the  demonstra¬ 
tion  test  was  to  determine  the  operating  characteristics  of  flight -type 


operational  units  an  attitude  control  system.  The  units  used  in  the 
teat  were: 

1)  A  single -axis  electronic  controller 
i)  A  four-noszle  ammonia  thruster 
3)  A  aero-gravity  ammonia  feed  system. 

These  units  were  operated  in  a  closed  loop  mode.  In  this  mode,  the 
control  electronics  receive  an  input  rate  and  position  error  signal.  This 
. nal  is  converted  into  an  appropriate  thruster  propellant  valve  command. 
An  ON  valve  command  will  result  in  propellant  flow  through  the  thruster, 
causing  an  impulse  bit.  The  result  of  this  impulse  bit  is  conditioned  by  a 
rigid  body  simulator  to  drive  a  sensor  element.  An  OGO  sun  sensor - 
stimulus  is  used  to  generate  the  error  signal.  Ammonia  propellant  is 
supplied  to  the  thruster  from  the  feed  system  at  the  desired  pressure. 

The  three  attitude  control  units  w-re  operated  in  a  vacuum  chamber  to 
simulate  the  pressure  environment  of  «pace. 


The  units  usee  in  the  life  teat  were  flight-type  models.  They  were 
designed  ana  fabricated  to  meet  specifications  typical  of  those  that  would 
bu  required  cm  a  spacecraft.  The  chamber  in  which  the  test  was  performed 
was  maintained  at  pressures  that  simulated  the  vacuum  of  space. 

3.1  CONTROL  ELECTRONICS 

The  control  electronics  used  in  the  test  was  essentially  a  single  - 
redo  unit  of  the  three -axis  attitr.de  control  system.  The  single -axis 
controller  consists  of  the  lead-lag  network,  the  pulse  ratio  modulator, 
and  the  valve  driver  circuits.  The  lead-lag  network  is  an  integral  part 
of  the  electronic  controller.  It  is  an  Integrating  circuit  that-  converts  the 
rate  of  change  of  sensor  displacement  signal  into  an  error  signal  that  is 
additive  to  the  erro  .signal  resulting  from  displacement.  This  allows  the 
pulse  ratio  modulator  to  both  detect  and  anticipate  spacecraft  displacement. 
A  schematic  of  the  single -axis  controller,  which  includes  the  lead-lag 
no;  work  and  the  pulse  ratio  modulator,  is  shown  in  Figure  1.  A  schematic 
of  the  valve  driver  circuit  is  shown  in  Figure  2.  Both  the  single -axis 
controller  and  valve  driver  are  described  in  detail  in  Reference  1.  The 
unit,  fabricated  for  the  demonstration  test,  was  used  throughout  tho  entire 
life -test  phase  of  the  program.  A  portion  of  the  circuit  was  bypassed 
rhirmo  the  1  “ t c r  stager  cf  the  Ufa  iert  when  »  pulsing  circuit  was  used  to 
produce  the  error  signals  instead  of  a  sun  sensor-stimulus  unit.  A 
photograph  of  the  actual  control  unit  and  valve  drivers  is  shown  in  Figure  3. 

3.  2  THRUSTER 

The  ACSKS  thruster  is  a  re sistively  heated,  four  nozzle  unit.  Each 
nozzle  delivers  0.  020  pound  of  thrust.  The  thruster  is  designed  to  heat 
ammonia  to  a  minimum  temperaK*»-o  of  1500°F  end  decompose  it  into 
molecular  hydrogen  and  nitrogen.  The  thruster  is  of  the  thermal  storage 
type  and  can  sustain  a  propellant  pulse  duty  cycle  of  2  percent  while 
maintaining  a  propellant  temperature  of  150Q°F.  The  maximum  pulse 
duration  ia  3  seconds.  In  order  to  meet  flow  requirements  of  the  2  percent 
duty  cycle,  3 -second  pulses,  and  a  minimum  propellant  temperature  of 
4  500  F,  the  minimum  equilibrium  no-flow  thruster  temperat ire  had  to 
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Figure  i.  Single  Axis  Cont  'ollar  Schematic 
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Figure  ?,.  Valve  Driver  Circuit 
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be  1 550°F.  The  throe  ter  da ty  cycle  and  poise  deration  were  determined 
by  the  ACSKS  mission  analysis.  The  minimum  propellant  temperature  at 
1 500°F  woe  established  experimentally  aa  the  lowest  temperature  at  atdch 
propellant  flow  tube  materials  had  sufficient  catalytic  activity  to  remit  is 
nearly  complete  ammonia  decomposition. 

Darin*  the  coarse  of  the  ACSKS  program,  a  total  of  three  different 
th rasters  were  used.  The  basic  design  concept  of  each  of  the  thruster* 
was  the  same;  however,  the  implementation  of  the  concept  was  different 
for  each  thruster.  The  reasons  for  the  differences  are  explained  In 
Section  5.  The  design  analysis  of  the  thruster  concept  is  reported  In  detail 
in  Reference  i. 

The  first  thruster  used  in  the  life  test  was  the  one  fabricated  for 
tiie  ACSKS  demonstration  test.  An  assembly  drawing  of  the  thruster  is 
shown  in  Figure  4.  The  detail  drawings  of  the  thruster  are  in  .  eference 
i.  This  thruster  had  a  solid  nickel-200  core  <m  which  were  wrapped  two- 
tubular  swaged  heater  element# .  The  heater  elements  had  an  outer  sheath 
of  Inconel  600,  magnesium  oxide  ineul&tiai,  and  a  resistance  element  wire 
of  Kanthal  N.  Two  elements  were  used  foi  redundancy.  The  propeller* 
flow  tubes,  ore  for  eacn  nozzle,  were  coilea  on  the  core  directly  over  the 
heater  elements.  The  florf  tubes  were  the  catalytic  surface  on  which  the 
ammonia  decor.. posed.  Ihe  propellant  flj«w  tubes  were  fabricated  from 
type  304  stainless  steel,  and  were  sized  tc  that  the  ammonia  decomposition 
process  within  them  was  diffusion  controlled.  In  a  diffusion  controlled 
process,  the  dect  mpositi  on  rate  of  the  ammonie  is  controlled  by  the  rate 
at  which  the  reactant,  ammonia,  diffuse#  to  the  flow  tube  surface  and  the 
products,  hydrogen  and  nitrogen,  diffuse  away,  and  is  not  controlled  by 
the  reaction  rate  kinetics  at  the  flow  tube  surface-  The  propellant  flow 
tubes  and  Heater  elements  were  secured  to  the  core  for  structural 
integrity,  and  to  each  other  for  thermal  contact,  by  brazing.  Thermal 
insulation  of  the  thruster  core  assembly  was  achieved  by  surrounding  the 
core  with  alternate  layer*  of  0.  00023  -inch -thick  molybdenum  foil  and 
0,  010 -inch -thick  refrasil  cloth.  The  insulation  w  is  applied  a*  *  spiral 
wrap  on  the  cylindrical  section  of  the  core  sr-d  as  flat  discs  on  the  end* . 

A  photograph  of  the  assembled  thruster  is  sho  t  in  Figure  5. 
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Figure  •*.  Thruster  Assembly, 
ACSKS  -1 


Figure  5.  Assemble 


The  outer  envelope  and  inr  ilation  of  the  second  ACSKS  thruster 
were  identical  to  the  first:  however,  the  thrvistar  core  assembly  was 
completely  redesigned.  The  heater  element  used  for  this  thruster  is  of 
the  car'  *Udge  type.  A  photograph  of  the  element  is  shown  in  Figure  6, 

The  cartridge  element  had  z-.n  on'er  sheath  o'7  Inconel  600,  mag  lesium 
oxide  insulation,  and  a  resistance  element  of  Ni chrome  V.  The  basic 
clement  is  3/ 8-inch  in  diameter  and  3  inches  long,  with  a  «*vi*  thickness 
of  0.040  inch.  A  0.  075  -  inch  -thick  layer  of  nickel  was  electroplated  on  the 
outer  ‘"surface  of  the  element  sheath.  The  propellant  flow  babes  wore 
wrapped  into  grooves  that  were  machined  in  the  plat  'd  layer.  The  flow 
tubes  were  fabricated  of  nickel  ’00  with  an  outside  diameter  e:  0.  063  inch 


*  of  up  plating  was  machine 
ges  resulting  from  the  flow 


outer  diarr 


welded  onto 


Figure  6.  Cartridge  Heater  Element 


The  seals  be*,ve<sr»  the  flow  tubes,  ring,  and  nozzle  chamber  were  made 
by  TIG  welding-  The  nozzle  configura*  an  of  this  thruster  was  the  same 
*e  tha  of  the  original  thruster,  except  that  the  outer  cross-section  of  the 
nozzle  chamber  was  cylindrical.  A  photograph  of  the  thruster  core, 
ioatmmexited  with  three  thermocouples  for  the  thermal  loss  test,  is  shown 
in  Figure  7.  During  the  final  plating  operation  on  the  thruster  in  which 
the  flow  tubes  were  plated  in  place,  the  magnesium  oxide  insulation  et  the 
heater  element  became  impregnated  with  p!\ting  solution.  Thi  caused 
the  element  wire  to  '!evelop  an  interna1  short.  The  heater  element  was 
machined  cut  of  the  ca3«*  a^d  a  new  cartridge  element  was  pressed  in 
plan  . 

A  thi  *d  thruster  was  designed,  fabric  “ted  and  tested  during  the  final 
?st.Age  of  die  life  test  phase  of  the  ACSKS  program.  The  envelope,  support, 
and  insulation  of  this  thruster  w«re  the  same  as  those  of  the  first  design. 
This  thruster,  like  the  second  one,  had  a  com  pi  t-t*  1  7  s  er  d  t*  S  1  j%  d  COT  € 
assembly.  The  thruoter  used  a  cartridge  heater  element  identical  to 
that  of  the  second  tnrusier.  The  heater  element  wa*  inserted  into  a 
machined  cere  on  which  the  propellant  flow  tubes  had  *><»en  wrapped  and 
nozzles  welded.  A  thawing  of  the  core  is  shown  us  Figure  8,  and  flow 
tube  i  :  ai, iuig  ring  in  Figure  9-  It  is  fabriva'.  -d  of  Inconel  X.7S0.  The  flow 
t  u)»-  ■  used  on  this  thruster  were  fabricated  a  composite.  These  tubes 


Figure  7.  Thruster  Core  Assembly,  ACSKS-2 

were  formed  by  plasma  spraying  a  0.  0015  ±0.  0005 -inch  layer  of  alumina 
on  nickel  200  tube  that  had  a  0.  063 -inch  external  diameter  and  a  0.  007- 
inch  wall.  The  plasma -sprayed  tube  was  inserted  into  an  Inconel  X750 
tube  that  had  a  0.  078 -inch  outside  diameter  and  a  0.  005 -inch  wall.  The 
outer  tube  was  then  compressed  against  the  inner  plasma- sprayed  tube  by 
a  drawing  operation.  The  rationale  for  this  type  of  propellant  flow  tube 
is  explainer!  in  Section  5,  3, 

The  nozzles  of  this  third  thruster  were  modified  versions  of  those 
used  on  the  first  thruster.  The  modification  include-*  increasing  the  wall 
thickness  in  the  region  of  the  noz./,le  throat  and  changing  the  material  from 
nice.el  200  to  Inconel  X750.  The  thicker  wall  section  of  the  nozzle  increased 
its  load  carrying  capability  The  no./les  were  designed  to  support  the 
thruster  core  during  the  launch  environment •  The  material  cf  construction 
change  was  made  to  obtain  uniformity  of  structural  material  composition. 

A  drawing  of  the  nozzles  is  ah  own  in  Figure  10-  During  thermal  perfor¬ 
mance  testing  of  the  thruster,  a  tenacious,  high-emissivity  oxide  coating 
formed  on  the  tsoz/le  surfs..-. uS.  This  resulted  in  a  large  thermal  loss 
from  the  t  h  "u -*i*r  r  -  To  correct  this,  the  conic  a:  expan^'on  anti  throat 


sections  of  the  aoxsles  were  removed  ead 
The  junction  between  the  nickel  expansion  tad 
Inconel  chamber  section  wee  made  by  TKS  welding 
material. 

The  flow  tubes  were  terminated  un  13m  thruster  cere 
to  a  tab  that  was  an  integral  part  of  the.  core.  This  core 
portion  of  the  nozzle  chamber.  A  detail  of  tide  assembly  ie  shewn  h 
Figure  11.  The  chamber  section  of  the  nos  ale  was  TIO  welded  to  tie 
and  core  tab.  No  filler  material  was  required.  The  propellant  flow  tele 
were  attached  to  the  core  with  a  plasma  sprayed  Inconel  600  powder. 
During  the  thermal  performance  tests  in  which  the  nossiee  oxidised,  an 
oxide  film  formed  on  the  plaema- sprayed  surface  of  the  thruster  core. 
Because  it  was  not  possible  to  eliminate  this  cudde  formation,  which  had 


a  relatively  hi  h  thermal  emissivity,  the  exposed  surface  of  the  thruster 
core  was  nickel  plated  by  chemical  vapor  deposition.  This  was  accom¬ 
plished  by  heating  the  thruster  core  in  an  atmosphere  of  nickel  carbonyl. 
The  thickness  of  the  nickel  layer  was  0.  0048  inch. 


This  third  ACSKS  thruster  was  the  one  used  in  tits  final  six  montit 
test  period  of  the  program.  It  was  part  of  the  deliverable  items  «i  the 
end  of  the  test  period.  The  other  two  thrusters  were  disassembled  and 
subjected  to  both  chemical  and  metallographic  examination. 


3.3  FEED  SYSTEM 

! 

i 

The  ACSKS  ammonia  feed  system  used  ia  the  life  test  was  the  same  f 

one  designed  and  a~;cmbled  for  the  demonstration  test  phase  of  the 
program.  The  feed  system  for  the  complete  attitude  control  and  strHoa 
keeping  subsystem  consists  of  two  propellant  storage  tanks,  each  wi*h  a 
propellant  supply  unit.  Each  tank  contains  one -half  of  the  total  propellant 
required  for  the  mission  and  each  supply  unit  ha*  the  capability  of  supply¬ 
ing  the  maximum  propellant  flow  rate  that  occur#  during  the  spacecraft 
acquisition  mode.  These  values,  as  determined  in  Reference  i,  are  a 


total  propellant  capacity  of  44  pounds  and  a  maximum  flow  rate  of 
4x10  lb/  sec.  The  feed  system  designed  for  the  d«nvw#tr#Hen  test 
was  a  half  unit  of  the  total  spacecraft  system. 
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Figure  1  J .  A  GSRS  -Feed  System 
Schema  lie 
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schematic  forjj:  in  Figure  15  and  ,_i  I  ay  oat  .<  ;%h  the  act*. 
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ihruotcr  exhaust  at  these  periods  is  essentially  pure 
cjtA».  environment  in  the  tank  might  have  had  a 
l  the  electronic  components. 


The  OGO  sun  astist/r -stinr-ilus  and  the  r'gid  body  simulator  were 
located  outside  of  th  •/  vacuum  chamber.  Photographs  of  the  test  system 
ar«  shown  in  Figures  17  nud  18.  Both  the  sun  sensor  and  rigid  body 
ciSBuXjfetor  were  replaced  with  a  pulsing  circuit  during  the  latter  portion 
v  f  the  i  i/e  teer,. 

3.  5  TEST  OPEE.ATION 


The  test  was  designed  to  simulate  both  spacecraft  norma:  mode 
attitude  control  and  station  keeping.  Two  of  the  thruster'  s  four  nozzlea 
were  used  in  normal  mode  operation.  The  propellant  pulses  from  one 
nosale  produced  a  positive  command  torque  on  the  simulated  spacecraft 
and  the  other  a  negative  torque.  The  input  signal  to  the  valve  driver 
circuits  of  these  two  nozzles  was  used  aa  the  electric  analog  of  the 
impulse  bit  produced  during  the  propellant  pulse.  This  electrical  signal 
was  input  to  the  rigid  body  simulator  which  simulated  the  inertial  prop¬ 
erties  of  a  spacecraft.  The  simulator  was  essentially  a  pair  of  integrating 
circuits  in  aeries.  The  first  would  convert  the  impulse  bit  into  a  signal 
thst  represented  an  .acceleration  of  the  spacecraft.  The  second  integrator 
converted  th<*  acceleration  signal  into  a  spacecraft  position  signal.  This 
signal  was  used  to  activate  the  motor  drive  of  the  sun  sensor.  The  sun 
sensor  wsu  pointed  at  a  fixed  light  source.  The  electrical  output  of  the 
sun  sensor  electronics  v/as  proportional  to  the  angle  between  the  sensor 
and  light  source.  This  electrical  output  was  the  input  error  signal  to  the 
control  electronic 6.  By  virtue  of  the  lead-lag  network  in  the  feedback 
loop  of  first  stage  amplifier  in  the  control  electronics,  the  error  signal 
in  the  control  electronics  is  due  to  both  the  angular  position  and  rate  of 
change  of  position  oi  the  cun  sensor  with  respect  to  the  light  source. 

The  magnitude  of  this  error  signal  controlled  the  activation  of  the  thruster 
propellant  flow  control  valves.  The  pointing  accuracy  or  deadband  control 
limit «  of  the  nun  sensor  was  maintained  at  ±0.  1  degree.  The  normal  mode 
control  ccrnmand  thruster  pulse  duration  was  50  milliseconds.  The  time 
averaged  poize  frequency  was  set  at  one  per  minute  (by  adjusting  the 
u  pace  craft  inertial  properties  in  the  rigid  body  simulator). 
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After  6  2  dayr  of  the  life  tests:  the  rigid  body  simulator  and  sun 
sensor  were  replaced  with  a  pulsing  circuit.  The  sun  sensor  was  not 
able  to  track  the  output  of  the  rigid  body  simulator  due  to  excessive  wear 
of  the  sensor  drive  gear.  This  non-tracking  resulted  in  a  high  and 
erratic  command  pulse  frequency  from  the  cc-.it.rol  electronics.  Because 
there  was  insufficient  time  to  overhaul  the  dri  o  train  of  the  sun  sensor, 
the  pulsing  circuit  was  substituted.  This  pulsing  circuit  produced  an 
error  signal  in  the  final  stage  of  the  control  electronics  that  would 
result  in  a  valve  pulse  command.  The  frequency  of  the  pulses  were 
adjusted  so  that  an  alternate  positive  apd  negative  pulse  would  be  com- 

f 

manded  at  1  -  minute  intervals.  A  schematic  oi  the  tect  system  with  the 
pulsing  unit  is  shown  in  Figure  19. 
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Figure  19.  Test  Block  Diagram,  Pulsing  Circuit 

The  A V  or  itation  keeping  mode  was  simulated  by  pulsing  pro¬ 
pellant  through  a  third  thruster  nozzle.  This  was  accomplished  with  a 
pulse-time  circuit.  The  pulse  duration  was  1  second  and  the  frequency 
was  one  pulse  per  50  seconds,  corresponding  to  a  2  percent  duty  cycle. 
Although  the  thruster  had  the  capability  of  sustaining  longer  pulses,  the 
vacuum  system  could  not.  During  propellant  pulses  of  greater  than 
1 -second  duration,  the  pressure  in  the  vacuum  chamber  would  exceed 
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the  maximum  for  operation  of  the  diffusion  pumps.  Sufficient  AY  mode 
operation  was  performed  to  result  in  a  total  propellant  expenditure  of 
100  ib-@ec  per  month.  The  fourth  nozzle  of  the  thruster  was  inoperative 
during  the  teat  period. 

Operating  characteristics  of  the  control  electronics  were  moni¬ 
tored  by  observing  the  position  of  the  sun  sensor.  This  was  done  by 
monitoring  both  the  output  of  the  siin  sensor  directly  and  also  the  output 
of  the  position  Integrator  of  the  rigid  body  simulator*  Phase  plan,?  plots 
of  the  closed-loop  operation  were  generated  by  tracing  the  outpui  of  the 
position  integrator  against  the  output  of  the  rate  integrator  in  the  rigid 
body  simulator.  This  could  be  done  without  interrupting  closed  loop 
operation. 

Thermal  performance  of  the  thruster  was  measured  by  monitoring 
tlie.  voltage  across  the  thruster  heater  element,  the  current  in  the  heater 
circuit,  and  the  thruster  temper ature.  Thruster  temperature  was 
measured  with  thermocouples  located  along  the  core  and  at  the  base  of 
the  nozzle  chamber.  The  core  temperatux-e  of  the  thruster  that  had  the 
Kanthcil  N  element  was  also  monitored  from  the  element  resistance. 

This  method  proved  to  be  more  reliable  than  with  thermocouples. 

The  thruster  was  attached  to  a  thrust  and  impulse  stand  during  the 
teat.  A  photogr  aph  of  the  thruster  and  stand  la  shown  in  Figure  20.  In 
order  to  measure  thrust  and  specific  impulse  during  the  teat,  it  wan 
necessary  to  decouple  the  thruster  from  the  closed-loop  operation.  The 
thrust  stand  one- raced  on  the  same  principle  as  a  ballactic  galvonorneter, 
and  its  rate  of  movement  resulting  from  a  thruster  pulse  produced  an 
output  voltage.  The  magnitude  of  the  output  voltage  was  proportional 
to  the  impulse  bit  generated  during  the  propellant  pulse.  The  time  rate 
of  change  of  the  atand  output  voltage  was  proportional  to  the  instantaneous 
thrust  force  generated  by  the  thruster.  The  mass  of  propellant  expelled 
during  a  performance  monitoring  pulse  was  determined  by  measuring  the 
pressure  drop  in  a  calibrated  volume  located  in  a  section  of  the  pro¬ 
pellant  feed  line.  When  thruster  performance  measurements  were  being 
made,  the  valve  pulses  were  generated  by  triggering  the  valve  driver 
of  the  control  electronics  with  an  external  source. 
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Figure  20.  Thruster  —  Test  Stand  Unit 

The  performance  characteristics  of  the  amonia  feed  system  \ynre 
determined  by  monitoring  the  pressure  of  the  propellant  delivered  to  the 
thruster.  In  order  to  monitor  its  control  characteristics  under  high 
flow  demand  for  extended  periods,  it  was  necessary  to  bypass  the  thruster 
and  expel  propellant  through  a  flowmeter.  This  was  done,  however, 
without  decoupling  the  system  from  closed-loop  operation.  The  feed 
system,  as  can  be  seen  in  Figure  13,  was  mounted  on  a  frame  that  could 
be  rotated.  It  was  possible  to  expel  either  liquid  or  vapor'  phase  ammonia 
from  tFe  storage  tank  by  rotating  the  frame  which  in  *urn  changed  the 
liquid  level  with  respect  to  the  flow  control  valve  at  the  entrance  to  the 
capillary  tubes.  The  ammonia  phase  leaving  the  storage  tank  could  also 
be  changed  without  decoupling  from  closed-loop  operation. 


4.  LIFE  TEST  RESULTS 


The  entire  life  test  phase  of  the  program  extended  for  a  period  of 
24  months.  This  started  immediately  following  the  conclusion  of  the  one- 
month  demonstration  test.  The  historical  sequence  of  the  life  test  is 
depicted  on  the  bar  graph  in  Figure  21.  The  life  test,  with  all  of  the 
original  units  of  the  demonstration  test,  started  on  7  August  1967.  This 
first  teat  period  continued  through  11  December  1967.  The  units  had  logged 
154  days  of  operation  up  to  that  time.  The  teat  was  interrupted  in  December 
because  of  severe  degradation  in  thruster  specific  impulse  performance. 

The  control  electronics  and  feed  system,  as  well  as  the  rest  of  the  test 
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assembled  for  inspection.  The  results  of  the  inspection  indicated  that  the 
propellant  flow  tubes  had  undergone  a  catastrophic  attack  by  the  ammonia 
propellant.  Following  the  initial  visual  inspection,  the  thruster  was  sub¬ 
jected  to  a  chemical  and  meiallographical  examination.  This  examination 
end  the  results  are  discussed  in  Section  5.  1. 


Fabrication  of  the  second  (nickel  plated)  thruster  was  started  approxi¬ 
mately  1  month  after  the  life  test  was  interrupted.  Prior  to  the  start  of 
fabrication,  data  from  the  examination  of  the  First  thruster  were  analyzed 
and  materials  compatibility  tests  with  ammonia  were  performed.  The 
results  of  the  compatibility  testa  indicated  that  nickel  was  sufficiently 
resistant  to  ammonia  attack  for  a  l-jear  life  and  had  sufficient  catalytic 
activity  for  use  as  propellant  flow  tubes.  The  1-year  life  estimate  implied 
an  ammonia  exposure  time  of  less  than  10  hours.  A  50-millisecond  pulse 
every  minute  for  1  year  corresponds  to  an  exposure  time  of  7.  31  hours. 
Although  the  nickel  tube  samples  survived  continuous  exposure  to  ammonia 
for  more  than  80  hours,  the  one-to-one  correlation  between  intermittant 
and  continuous  exposure  used  in  selecting  nickel  proved  to  be  in  error. 
However,  this  was  not  known  at  the  time,  and  nickel  was  selected  as  the 
flow  tube  material  lor  the  second  thruster. 


The  second  ACSKS  thruster  was  incorporated  into  the  life  test,  and 
the  life  test  restarted  on  22  March  1968,  After  the  initial  heat-up  in  the 
test,  the  thruster  thermal  performance  began  to  steadily  degrade.  The 
life  test  was  interrupted  on  9  April  for  the  purpose  of  examining  the 
thruster.  The  thruster  was  reinsulated  and  the  life  test  resumed  on 
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1  Z  April.  All  units  in  test  were  performing  within  design  specification. 

A  problem  developed  in  monitoring  the  specific  impuls*  performance  of 
C  a  thruster  in  June  1968.  This  resulted  from  building  modifications  near 
the  tost  area.  These  modifications  caused  vibrations  generated  by  the 
system's  mechanical  pump  to  increase  hi  magnitude  in  the  vicinity  of  the 
vacuum  tank.  The  vibration  intensity  increased  the  noise  level  in  the  thrust 
balance  monitoring  readout.  A  filter  circuit  was  designed  and  implemented 
to  circumvent  this  problem.  Once  the  impulse  monitoring  problem  was 
resolved,  the  impulse  degeneration  problem  reappeared.  The  specific 
impulse  performance  of  the  thruster  had  grossly  degraded  during  the 
month  of  July.  The  life  test  was  again  interrupted  on  27  July  1968  after 
106  days  of  thruster  operation.  All  other  units  of  the  integrated  system 
tests  were  secured  in  a  stand-by  condition  and  the  thruster  was  removed 
for  inspection.  The  thruster  flow  tubes  were  pressurized  with  nitrogen 
fer  a  leak  check.  The  results  indicated  that  the  propellant  tubes  had 
become  porous.  The  error  in  tine  one-to-one  exposure  time  correlation 
had  become  evident.  This  thruster  was  subjected  to  a  chemical  and  metal - 
lographical  examination,  as  was  the  first,  and  the  results  are  discussed 
in  Section  5.  2. 


Materials  compatibility  and  catalytic  activity  tests  with  ammonia 
had  been  in  progress  concurrent  with  the  life  testa  and  were  continued 
into  the  period  following  the  thruster  flow  tube  failure.  Results  of  the 
material  compatibility  teats  indicated  that  rate  of  ammonia  attact  on 
materials  euch  as  stainless  steel  and  nickel  was  not  entirely  a  function  of 
ammonia  exposure  time  during  pulsed  operation.  Total  time  of  the  test 
end  duty  cycle  of  the  pulsed  exposure  also  have  a  significant  effect.  The 
catalytic  activity  test  results  indicated  that  those  structural  materials 
exhibiting  good  catalytic  activity  for  ammonia,  decomposition  had  negli¬ 
gible  resistance  t.o  ammonia  attack.  Those  materials  that  had  good 
orroeion  resistance  to  ammonia  under  thruster  operating  conditions  had 
negligible  catalytic  activity  for  ammonia  decomposition.  These  tests 
indicated  that  one  wav  of  obtaining  both  the  required  resistance  to  ammonia 
attack  and  the  require  !  catalytic  activity  for  ammonia  decomposition  was 
to  use  a  composite  propellant  flow  tube.  The  composite  tube  would  have 
on  inner  surface  that  would  have  the  required  catalytic  activity  and  an  outer 
layer  inat  would  resit  f  ammonia  attack  and  provide  structural  support. 


As  a  result  of  this  solution  to  the  compatibility  problem,  the  third 
ACSKS  thruster  was  designed  and  fabricated.  The  life  test  was  restarted 
on  2 9  January  1969,  using  the  new  ACSKS  thruater.  After  approximately 
30  days  of  operation,  the  drive  train  wear  on  the  OGO  sun  sensor  had 
reached  a  state  requiring  a  complete  overhaul  before  it  could  be  used 
further  in  the  life  test.  Thus,  the  OGO  sun  sensor  was  replaced  with  the 
pulsing  circuit.  The  life  test  was  continued  to  28  July  1969,  which  was 
its  scheduled  termination  date.  This  corresponded  to  180  days  of  continu¬ 
ing  operation.  All  ACSKS  units  were  operating  within  their  design  specifi¬ 
cations  during  the  final  stages  of  the  life  teat  phase. 

Both  the  control  electronics  and  feed  system  were  operated  in  the 
integrated  test  system  for  a  total  of  540  days.  The  feed  system  was  opera¬ 
ted  for  540  days  and  charged  with  ammonia  for  a  continuous  period  of 
755  days.  The  third  ACSKS  thruster  was  held  at  deaign  operating  tempera¬ 
tures  and  was  subjected  to  propellant  pulses  for  :>  continuous  period  of 
180  days. 

4.  1  CONTROL-  ELECTRONICS  TEST  RESULTS 


The  control  electronics  unit,  assembled  for  the  demonstration  test, 
was  used  throughout  the  entire  testing  phase  of  the  ACSKS  program.  This 
unit  maintained  a  deadband  limit  which  corresponded  to  a  pointing  accuracy 
of  ±0.  1  degree.  A  typical  phase  plane  plot  is  shown  in  Figure  22.  It  was 
able  to  maintain  this  pointing  accuracy  even  as  the  affects  of  gear  wear  ;n 
the  OGO  sensor  drive  increased.  During  the  period  of  degradation  in  the 
sensor  drive,  the  commanded  pulse  frequency  increased  from  the  nominal 
1  per  minute  to  ?.  rate  as  high  as  10  per  minute.  This  cnange  in  puls^ 
frequency  was  due  to  the  erratic  movement  of  the  sun  sensor  head  which 
manifested  itseT  in  a  high  error  rate  signal  in  the  control  electronics. 

The  electr.  nice  control  'unit  did  not  drift  from  its  nominal  control 
point  during  the  ntire  time  period  while  under  vacuum  operation.  There 
was,  however,  a  drift  in  the  sot  point  between  operation  in  air  and  in 
vacuum.  This  drift  was  traceable  to  a  mismatch  in  the  thermal  charac¬ 
teristics  of  the  Field  Effect  Transistors  (FET)  shown  as  T,  and  T_  in 
Figure  i.  The  <  rift  that  occurred  during  the  transition  from  ambient  to 
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necesa&ry  to  s  -1’  ths  control  electronics  while  tinder  vacuum.  Ivtetched 
pairs  of  FET's}  which  will  eliminate  this  drift  problem,  are  now  available 
commercially.  The  FET's  are  required  to  produce  a  high  dance 
between  the  first  stage  amplifier,  Ai  in  Figure  i,  and  the  lead- lag  net¬ 
work.  Tha  need  for  this  high  impedance  results  from  the  high  resistance 
incorporated  is:  the  lead- lag  network  to  obtain  the  required  system  time 
constant.  Lower  resistance  values  could  be  n«*d  in  the  load-lag  network, 
which  would  eliminate  the  need  for  the  FET's;  however,  the  capacitors 
(C^  and  iu  Figure  i)  would  be  extremely  large. 

4.2  THRUSTER  TEST  RESULTS 

The  thermal  performance  of  the  thrusters  was  monitored  continu¬ 
ously  during  the  tes  t  •  Thi  s  waB  done  by  recording  ths  voltage  and  current 
across  the  thruster  heater  element  and  the  output  of  thermocouples  on  the 
thruster  core  and/or  nozzle  block.  The  specific  impulse  and  thrust  devel¬ 
oped  by  the  thruster  were  measured  at  periodic  intervals  during  the  test 
period. 

4.2.  1  First  ACSKS  Thruster 
Test  Results _ ______ 

A  curve  of  the  power  required 
to  maintain  the  thruster  core  at 
various  temperatures  is  shown  in 
Figure  23.  The  heat  loss  data  are 
representative  of  those  obtained 
daring  the  initial  month  of  the  life 
test.  The  thermal  performance 
started  to  decline  with  time  after 
this  period.  The  first  major  change 
in  thermal  loss  characteristics 
occurred  after  a  facility  power 
failure.  The  vacuum  chamber 
tccame  contaminated  with  pump  oil 
as  a  res’ult  of  a  relay  failure  in  the 
test  facility  interlock  system.  Build 
up  of  a  dark  deposit  on  the  nozzle 
expansion  cone  section,  which  was 
later  found  to  be  carbon,  became 


Figure  23.  Thruster  Thermal 
Performance, 
ACSKS -i 
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noticeable  at  this  time.  The  history  of  the  thruster  thermal  performance 
ia  tabulated  in  Table  II.  The  core  average  temperature  was  determined 
from  the  resistance  of  the  thruster  heater  element.  The  nozzle  base 
temperature  was  measured  with  a  thermocouple  at  that  location.  Period¬ 
ically,  the  thm  ster  temperature  was  allowed  to  equilibrate  at  a  value  near 
950°F.  In  this  temperature  range,  the  core  average  and  nozzle  base 
temperatures  were  nearly  the  same  becau'se  radiation  heat  loss  from  the 
nozzle  is  sufficiently  small  to  have  no  effect  on  core  temperature  distri¬ 
bution.  The  temperature  measured  by  the  heater  element  resistance  was 
compared  to  that  measured  with  the  thermocouple.  The  two  temperatures 
agreed  to  within  5°F  throughout  the  test  period.  This  would  indicate  that 
there  was  no  change  in  the  resistance  characteristics  of  the  heater  ele¬ 
ment,  which  was  Kanthal  N. 

Table  II.  Thruster  Thermal  Performance 


Date 

Power  Input  (watts) 

Temperature,  °F 

Core  Average  Nozzle  Base 

8-31-67 

14.8 

1550 

1454 

9-30-67 

17.  2 

1600 

1485 

14.  8 

♦ 

1530 

❖ 

1420 

10-31-67 

17.  3 

1591 

1477 

14.  8 

♦ 

1525 

1415 

11-31-67 

17.  3 

1596 

1479 

\ 

t-r - 

14.  8 

1528 

* 

1417 

Corrected  to  1  4.  8  watts  for  comparison  with  data  of  8-31-67. 


The  specific  impulse  delivered  by  the  thruster  at  its  operating 
temperature  was  monitored  periodically,  and.  on  three  occasions,  the 
specific  impulse  delivered  as  a  function  of  temperature  was  measured. 
These  data  are  shown  in  Figure  24  along  with  the  theoretical  specific 
iuipulse  for  the  thruatei /propellant  system.  The  data  was  obtained  with 
a  nominal  ammonia  inlet  pressure  to  the  thruster  of  33  psia.  The  thrust 
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level  was  in  the  .range  of.  0.  019  to  0.  020  pound  over  the  temperature  range. 
The  specific  impulse  delivered  by  the  thruster  was  244  *3  seconds  at 
1550°F  during  most  of  the  test  period.  These  data  were  consistent  with 
the  curve  of  data  for  27  July  1967  and  8  August  1967  in  Figure  24,  A  large 
reduction  in  the  specific  impulse  delivered  by  the  thruster  occurred  during 
the  1-attar  part  of  October,  The  specific  impulse  data  as  a  function  of 
temperature  measured  at  this  time  are  shown  in  the  curve  of  31  October  1967 
in  Figure  24. 

The  differential  expansion  of  the  thruster  core  with  respect  to  the 
cuter  shield  as  a  function  of  core  temperature  was  measured.  This  was 
done  by  measuring  the  axial  distance  betwf*^  the  edge  of  a  nozzle  and  the 
edge  of  the  port  in  the  outer  shield  through  which  the  nozzle  protruded. 

The  reference  point  was  established  while  the  thruster  core  was  at  li,  10  F. 
The  thruster  was  then  allowed  to  cool  and  the  dimensional  change  with 
respect  to  the  reference  was  measured.  The  data  obtained  is  shown  in 
Figure  25.  No  rotation  of  either  the  core  or  outer  shield  with  respect 
to  the  thruster  bracket  was  measured.  Because  of  the  degraded  specific 
impulse  performance,  the  life  test  was  interrupted  and  the  thruster 
removed  for  inspection  (see  Section  5,i). 


r  igure  25.  Differential  Expansion  of  Thruster  Core 
and  Outer  Shield 


44 


4.  2.  2  Second  v-CSKS  Thruater  Teat  Results 


This  thruater  was  incorporated  in  the  life  test  and  the  test  was 
resumed  on  22  March  1968.  The  initial  heat-up  of  this  thructer  indicated 
that  a  total  of  X  2,  0  watts  would  be  required  to  maintain  the  thruster  at 
!  500°F.  As  1500°F  was  reached,  the  power  required  to  maintain  this 
temperature  increased  and  the  equilibrium  value  stabilized  at  1  6.  6  watts. 
On  cooling,  the  thruster  assumed  different  thermal  characteristics  than 
on  heat-up.  These  data  are  shown  in  Figure  26.  The  life  test  was  inter¬ 
rupted  on  9  April  1968,  and  the  thruster  was  reinsulated.  The  test  was 
resumed  on  12-  April  1968.  The  thermal  loss  characteristics  of  the 
thruster  after  r einaulatlon  are  shown  in  Figure  27.  A  power  input  of 
14.  3  watts  was  required  to  maintain  the  thruster  at  1500°F. 

The  specific  impulse  delivered  by  this  thruster  was  measured  in 
the  nominal  operating  temperature  range.  Typical  values  obtained  were: 

•  246  ±5  seconds  at  1540°F 

•  24]  +_Z  seconds  at  1505PF 

These  data  were  measured  at  a  delivered  thrust  level  of  0.  020  pound.  The 
ammonia  pressure  at  the  inlet  to  the  thrueter  required  to  maintain  this 
thrust  level  was  30  psia. 

The  specific  impulse  performance  of  the  thruster  degraded  grossly 
by  the  end  of  July  1968.  The  life  test  was  interrupted  at  this  time  and  the 
thruster  removed  for  inspection  (see  Section  5.  2), 

4.  Z.  3  Third  ACSKS  Thruster  Test  Results 

This  thruster,  when  initially  assembled,  required  1  7.  1  watts  to 
maintain  its  core  temperature  at  1500°F.  Because  of  this  high  power 
requirement,  the  thruster  was  disassembled  and  modified.  The  modifi¬ 
cation  included  chemical  vapor  deposition  of  nickel  on  the  core  and  replace¬ 
ment  of  the  Inconel  X750  expansion  cores  of  the  nozzle  with  nickel  cores. 
The  reassembled  thruster  required  13.  8  watts  to  maintain  a  core  tempera¬ 
ture  of  1500°F.  After  the  thruster  was  integrated  into  the  life  test,  the 
power  required  to  maintain  a  core  temperature  at  1500°F  remained  at 
1  3.  8  watts.  However,  the  thermal  performance  began  to  degrade  with 
time.  This  degradation  coincided  with  the  excessive  propellant  pulsing 
that  readied  from  the  sun  sensor  problem.  The  thruster  thermal 
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Figure 


26.  Thruster  Thermal  Performance,  ACSKS -2 


performance  stabilized  at  a  degraded  value  aft«r  this  period.  A  curve 
of  the  thermal  performance  characteristics  is  shown  in  Figure  28.  The 
power  required  to  maintain  the  thruster  core  at  1500°F  was  16,0  watts. 
This  power  level  remained  uncharged  throughout  the  remainder  of  the 
test  period. 

The  specific  impulse  determined  by  tfte  thruster  was  initially 
190  seconds  at  1500  F.  This  was  the  value  expected  for  ammonia  with  no 
dfcomuosition.  The  specific  impulse  increased  to  a  value  of  220  seconds 
during  the  first  3  weeks  of  thru3ter  operation  in  the  life  test.  These 
specific  impulse  values  were  determined  at  an  operating  thrust  level  of 
0.  020  pound.  An  ammonia  feed  pressure  of  35  psia  was  required  to 
maintain  the  thrust  level  at  0.  020  pound.  During  the  period  that  delivered 
specific  impulse  was  increasing,  a  aeries  of  specific  Impulse  rpeasuro" 
ments  was  made  *,«  a  function  of  thrust  level.  These  data  fire  shown  in 
Figure  29. 

The  change  in  specific  impulse  as  a  function  of  both  time  in  test 
and  thrust  level  exhibited  by  this  thruster  was  not  noted  in  the  tv  o  pre¬ 
vious  thrusters.  The  change  of  specific  impulse  with  time  in  te*;t  might 
have  been  due  to  the  removal,  with  propellant  exposure,  of  a  propellant 
tube  surface  contaminate,  A  surface  contaminate  could  reduce  the  cata¬ 
lytic  activity  cf  the  flow  tube,  resulting  in  a  higher  average  molecular 
weight  of  the  expelled  propellant,  A  possible  source  of  contamination  was 
the  oil  used  in  the  drawing  operation  of  the  flow  tube  fabrication.  In  the 
event  that  oil  entered  the  flow  tube  during  the  drawing  operation,  it  would 
have  left  a  carbonaceous  deposit  v/hich  could  not  be  removed  by  normal 
cleaning  procedures.  The  purging  action  of  the  propellant,  while  the 
thruster  was  at  operating  temp aratures,  might  have  been  responsible  for 
removal  ox  a  portion  of  the  contamination,  which  resulted  in  the  improved 
specific  impulse  performance. 

In  an  attempt  to  achieve  maximum  propellant  tube  surface  catalytic 
activity,  air  was  pulBed  through  the  tubes.  A  total  of  14.  5  cubic  inches 
of  air  at  S,  T.  P.  was  pulsed  through  the  two  flow  tube3  used  in  normal 
mode  control.  The  thruster  core  was  maintained  at  9  50°F  and  the  pro¬ 
pellant  was  pulsed  at  a  5  percent  duty  cycle  with  a  1 -second  ON  time,  A 
check  cf  the  thruster  delivered  specific  impulse  ai  1  50G°F  indicated  that 
there  was  essentially  no  performanre  in.orovement  over  the  pretreatment 
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value.  The  air  oxidation  treatment  was  repeated,  but  with  vhc  Sb 
core  maintained  at  i  250°F.  A  curve  of  the  epecific  impulse  as  a  function 
of  thrust  level  at  1 500°F  is  shown  in  Figure  30.  The  specific  impulse  was 
still  dependent  on  the  thrust  level,  ns  it  had  ’Leen  before  the  air  treatment; 
however,  at  the  nominal  0.  020  pound  level,  it  had  increased  to  7-26  seconds. 
The  air  oxidation  of  the  flow  tubes  was  again  repeated  with  7.  0  cubic  inches 
of  air  at  S,  T.  P.  and  with  the  thruster  Core  maintained  at  i  500°F.  The  curve 
of  specific  impulse  as  a  function  of  thrust  is  shown  in  Figure  31,  There  was 
no  improvement  in  the  specific  impulse  delivered  at  the  0.  020  pound  thrust 
level;  however,  the  specific  impulse  increased  from  the  231-second  pre¬ 
treatment  value  to  241  seconds  at  a  0.  030  pound  thrust  level.  The  data 
indicated  that  the  specific  impulse  was  approaching  a  limiting  value  as  thj 
thrust  was  increased.  Because  of  the  pressure  limitation  of  the  feed 
system  pressure  monitoring  transducer,  it  was  not  possible  to  obtain  data 
at  higher  thrust  levels. 

There  was  no,  or  at  moat  only  a  small,  variation  of  specific  impulse 
with  thrust  level  noted  on  the  other  thrusters  tested.  The  previous  thrusters 
appeared  to  produce  nearly  complete  ammonia  decomposition  over  the 
thrust  levels,  and  consequently,  the  propellant  flow  rates  tested.  The 
specific  impulse  variation  of  this  third  thruster  with  thrust  level  was 
sufficiently  large  to  be  almost  totally  attributable  to  differences  in  frac¬ 
tion  of  ammonia  decomposed.  Another  factor  which  effects  specific  impulse 
is  the  change  in  nozzle  efficiency  with  the  Reynolds  number  in  the  nozzle 
throat.  With  all  other  parameters  constant,  the  nozzle  efficiency  is  a 
function  of  propellant  mass  flow  rate  and,  therefore,  thrust  level.  The 
nozzle  efficiency  variations  over  th  j  thrust  level  ranges  tested  would  be 
small.  The  difference  in  operating  characteristics  of  this  thruster, 
compared  with  those  of  the  previous*  thrusters,  has  been  attributed  to  the 
ufjwi«Ht»wphyjtc<d  characteristics  of  the  flow  tubes.  The  flow  tu^es  of  this  thruater 
had  thicker  wall 3  than  the  previous  ones.  The  liner  of  the  composite  tube 
used  on  this  thruster  was  equivalent  to  the  previous  thruster  flow  tubes. 

In  addition  to  this  liner,  the  composite  tube  had  an  outer  sheath  that  was 
almost  of  equivalent  thickness.  This  heavier  walled  tube  retained  its 
ei.  far  cross- section  when  it  was  coiled  on  the  thruster  core,  whereas 
there  was  some  ovalness  in  the  cross  section  of  the  tube*  of  the  previous 
thrusters  after  they  were  coilod  on  the  core.  Thi3  oval  cross-section 
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SPECIFIC  IMPULSE,  SECONDS 
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■would  re -alt  in  increased 
flow  stream  turbulence  com¬ 
pared  to  that  uf  a  circular 
cross-section  at  the  same 
flow  rate  and  temperature. 

The  increased  turbulence 
would  result  in  a  higher 
ammonia  decomposition  rate 
per  unit  length  of  tube.  The 
flow  condition  in  the  thruster 
propellant  tubes  is  designed 
to  be  in  the  transitional 
region  between  turbulent  and 
laminar  flow.  In  this  flow 
regime,  turbulence  in  the 
flow  stream  is  suppressed  in 
a  coiled  tube  with  a  circular 
cross- section.  A  small 
change  in  flow  rate,  however, 
does  have  a  large  effect  on 
the  degree  of  turbulence  in 
the  flow  stream.  The  effect  would  *.ause  the  ammonia  fraction  decomposed 
to  increase  with  increasing  flow  rate.  Thus,  the  specific  impulse  delivered 
by  the  thruster  would  increase  as  thrust  level  increased  until  complete 
decomposition  occurred. 

4.  3  AMMONIA  FEED  SYSTEM  TEST  RESULTS 

The  ammonia  feed  system  performed  within  design  limits  through¬ 
out  the  entire  integrated  system  life  test.  The  feed  system  storage  tank 
was  initially  charged  with  12.  25  pounds  of  ammonia,  approximately  one- 
half  of  its  total  capacity.  The  system  delivery  pressure  was  adjusted  to 
33  psia,  so  that  the  first  ACSKS  thruster  would  deliver  0.020  pound  of 
thrust.  The  pressure  control  limits  at  the  nominal  operating  temperature 
of  ?2°F  were  ±0.  4  psi  with  liquid  leaving  the  tank  ana  ±0.  08  psi  with  vapor 
exhaust.  At  a  storage  tank  temperature  of  100°F,  which  resulted  in  a  tank 
pressure  of  214  psia,  the  pressure  control  limits  with  liquid  leaving  the 
tank  increased  to  ±0,  5  psi,  but  remained  essentially  unchanged  with  vapor. 
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Figure  31.  Thruster  Performance,  Third 
Oxidation,  ACSKS -3 


Shortly  after  initiation  of  the  integrated  system  test,  random 
increases  in  the  pressure  control  limits  of  the  feed  system  developed. 

On  several  occasions,  the  control  limits  increased  by  a  factor  of  four 
over  that  of  the  original.  This  anomaly  in  pressure  control  was  traced 
to  radiative  noise  pickup  in  the  transducer/ switch  circuit.  The  magnitude 
of  this  noise  level  in  the  circuit  was  sufficient  to  cause  opening  of  the 
propellant  source  control  valve  at  pressure  levels  aiove  the  upper  control 
limit. 

The  source  of  the  noise  was  test  equipment  that  was  operated  in  the 
same  building  as  the  ACSKS  test.  Because  of  the  integrated  test  wiring 
layout,  it  was  not  convenient  to  effectively  shield  the  pressure  control 
circuit  from  the  noise;  therefore,  a  "tee11  filter  was  incorporated  in  the 
transducer  output  line.  This  filter  stabilized  the  pressure  control  band; 
nowever,  it  introduced  a  delay  in  the  output  transient  signal  from  the 
control  transducer.  This  resulted  in  an  increase  in  the  control  pressure 
band  width  with  liquid  exhaust  from  the  propellant  storage  tank.  At  the 
nominal  ambient  operating  tank  pressure,  the  flow  rate  through  the 
capillary  tubes  with  liquid  exhaust  from  the  tank  was  approximately  50  per¬ 
cent  higher  than  with  vapor  exhaust.  The  tee  filter  was  matched  to  the 
rate  of  change  of  transducer  output  resulting  from  the  pressure  rise  in 
the  plenum  when  vapor  phase  ammonia  was  leaving  the  storage  tank. 

When  liquid  was  exhausted  from  the  tank,  there  was  a  mismatch  between 
the  transducer  signal  rate  of  change  and  the  time  constant  of  the  filter. 

This  caused  a  delay  in  the  transducer  signal  to  the  switch.  The  pressure 
control  limit  with  ths  filter  *a»  ±C.  5  with  liquid  phase  ammonia 
entering. 

The  nominal  control  pressure  level  d&iivered  by  the  feed  system  was 
reduced  from  33  psia  to  30  psia  during  the  test  period  of  the  second  ACSKS 
thruster.  This  was  required  to  maintain  the  delivered  thrust  of 
0*020  pound.  Ths  storage  tank  was  also  recharged  with  ammonia  to  a 
contained  weight  of  12  pounds.  The  pressure  control  limits  during  this 
te.  t  period  were  ±0.  8  psi  with  liquid  phase  entering  the  capillary  tubes 
and  ±0. 8  psi  with  vapor. 
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The  storage  tank  was  again  topped  with  ammonia  to  bring  its 
contained  weight  to  12  pounds  before  testing  the  third  ACSKS  thruster. 

The  nominal  control  pressure  level  was  adjusted  to  35  psia.  This  was  the 
pressure  required  by  the  third  ACSKS  thruster  to  deliver  0.  020  pound  of 
thrust.  The  tee  filter  in  the  electronic  control  switch  sensing  circuit 
was  modified  to  reduce  the  system  response  delay  when  liquid  was  exhausted 
from  the  tank.  The  pressure  control  limits  during  the  final  test  period 
were  ±0.  45  psi  with  liquid  flow  and  ±0.  OS  psi  with  vapor  flow.  A  24-hour 
record  of  delivered  pressure  during  thruster  normal  mod-j  operation  and 
with  liquid  exhaust  from  the  storage  tank  is  shown  in  Figure  32. 

After  termination  of  the  life  test,  the  feed  system  was  operated  at 

a  flow  rate  corresponding  to  that  required  for  the  mission  acquisition 

maneuvers.  The  storage  tank  pressure  was  95  psia  at  the  start  of  the 

-4 

test  and  the  flow  rate  adjusted  to  4  x  10  lb/ sec.  The  storage  tank  con¬ 
tained  6.  0  pounds  of  propellant  at  the  initiation  of  this  test  and  the  tank 
was  positioned  for  extraction  of  liquid  phase  ammonia.  The  system 
maintained  this  flew  rate  for  a  period  of  420  seconds  before  there  was 
evidence  of  liquid  phase  ammonia  discharging  from  the  capillary  tubes. 
Normal  acquisition  would  occur  with  the  tank  filled  to  maximum  capacity 

_4 

(22  pounds)  and  the  total  flow  rate  of  4  x  10  lb/ sec  would  be  supplied 
by  two  independent  feed  systems  for  a  period  of  only  300  seconds.  The 
results  of  this  test  indicated  that  the  system  has  the  capability  of  satisfying 
the  most  stringent  mission  requirement  after  2  years  of  service.  A  total 
of  approximately  2C  pounds  of  ammonia  had  been  delivered  by  the  system 
during  this  period. 
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5.  THRUSTER  POST-TEST  ANALYSES 


Because  of  the  program  schedule,  only  short-term  material  test 
results  were  available  for  incorporation  into  the  design  of  the  first  demon¬ 
stration  thruster  used  in  the  life  test.  The  major  output  of  the  short¬ 
term  tests  was  the  data  used  to  select  a  braze  material  with  a  sufficiently 
low  sublimation  rate  for  the  thruster  operating  life.  In  order  to  obtain 
long-term  compatibility  data,  a  materials  and  heater  element  evaluation 
program  was  initiated  along  with  the  hardware  development  program. 

The  object  of  the  material*:'  evaluation  was  to  determine  the  interactions 
between  the  various  structural  materials  used  in  the  thruster.  These 
evaluation  tests  were  performed  with  the  various  materials  in  contact 
at  the  typical  thruster  operating  temperature  range.  Some  tests  were 
performed  at  higher  than  nominal  operating  temperature  to  obtain  results 
und  r  accelerated  conditions.  The  most  meaningful  tests  for  these  eval¬ 
uations  were  performed  as  an  integral  part  of  the  heater  element  evalua¬ 
tion  tests.  7jp  these  dual  evaluation  tests,  a  heater  element  and  flow  tube 
sample  were  brazed  to  a  base  cere  in  a  manner  similar  to  that  of  the 
thrurter  core.  The  materials  of  construction  of  the  items  on  the  core 
samples  were  typical  of  those  that  would  be  used  in  an  operational  thruster. 
These  heater  element /core  assemblies  were  insulated  with  either  Dyna- 
quarts  or  super  insulation  similar  to  that  used  on  the  thrusters.  The 
samples  were  heated  in  a  vacuum  chamber  with  the  heater  element  used 
as  the  heat  source. 

5.  I  FIRST  ACSKS  THRUSTER 

The  materials  of  construction  of  the  first  ACSKS  thruster,  i.  e. , 
the  heater  element  wire  and  sheath,  the  flow  tubes,  the  core  base,  and 
the  braze  material,  were  selected  on  the  basis  of  the  short-term  materials 
evaluation  tests  and  prototype  thruster  tests.  However,  the  flow  tubas 
of  this  thruster  failed  after  being  in  test  for  a  period  of  154  days.  A 
photograph  of  the  thruster  core  after  removal  from  the  life  test  is  shown 
in  Figure  33.  A  photograph  of  a  similar  thruster  core  in  the  as-brazed 
condition  is  shown  in  the  figure  for  comparison.  Aside  from  the  darkening 
of  the  core  surface  and  nozzle  expansion  cones,  the  first  visible  signs 
of  the  flow  tube  failure  were  cracks  in  the  flow  tubes  in  a  region  upstream 
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of  the  core.  A  photograph  of  a  failed  flow  tube  is  shown  in  Figure  3d.  j 

Although  the  tube  was  cracked,  the  actual  complete  separation  occurred  j 

\ 

during  removal  of  the  thruster  insulation.  This  fracture  was  located  ! 

approximately  i/4  inch  upstream  of  the  core.  Dimensional  orientation  | 
can  be  obtained  from  Figure  4.  The  thruster  core  was  sectioned  for  i 

metallographic  and  chemical  analysis.  A  photograph  of  the  sectioned  core  j 
is  shown  in  Figure  35  and  a  close-up  of  the  flow  tubes  near  the  entrance 
end  is  shown  in  Figure  36.  The  tubes  are  identified  as  AV,  positive, 
negative,  and  unused,  denoting  the  Dozzle  to  which  they  supplied  propel¬ 
lant.  The  ammonia  time  exposure  decreased  in  the  order  listed.  The 
unused  tube  was  exposed  only  during  initial  unit  testing.  The  damage 
sustained  by  the  flow  tubes,  as  can  be  seen  in  Figure  35,  was  essentially 
proportional  to  the  ammonia  exposure  time.  Close-up  photographs  of  a 
flow  tube  as  it  progresses  to  the  nozzle  are  shown  in  Figures  37a,  37b, 
and  37c.  The  extent  of  the  damage  to  the  flow  tube  decreases  as  it 
approaches  the  nozzle.  The  damage  to  the  flow  tubes  was  minimal,  and 
about  the  same  for  all  the  tubes  used  in  the  test,  at  the  entrances  to  the 
recpective  nozzles. 

Various  regions  of  the  flow  tubes  were  analyzed  for  chemical  com¬ 
position  by  an  electron  beam  microprobe.  The  objective  of  this  analysis 
was  to  determine  the  nitrogen  content  in  the  propellant  flow  tube  wall.  The 
results  indicated  that  the  flow  tube  wall  in  the  vicinity  of  the  fractured 
portion  contained  7  percent  nitrogen  by  weight.  A  compound  such  as  Fe^N 
contains  7.  5  percent  nitrogen  by  weight.  This  section  of  the  flow  tube, 
upstream  of  core,  was  exposed  to  an  estimated  temperature  of  between 
900°F  and  i20G°F.  No  nitrogen,  or  only  a  negligible  quantity,  was  found 
in  the  flow  tube  wall  located  on  the  core  section  of  the  thruster.  The  core 
section  r  f  the  thruster  was  maintained  at  a  temperature  above  1500°F 
during  operation.  Formation  of  stable  nitrides  in  stainless  steel,  the 
flow  tube  material,  occurs  in  the  temperature  range  of  900°F  to  110C°F, 
Reference  2.  Below  this  temperature  range  they  do  not  form  in  the 
presence  of  nitrogen  or  nitrogen  containing  compounds,  and  above  the 
temperature  range,  they  are  unctsble. 
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Figure  34,  Propellant  Flow  Tube 
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FipUi-e  36.  Thruster  Core  Section,  ACSKS  -1 


60 


'vyTji'] 

*2 


Figure  37a.  Flow  Tube  Croaa  Section — Entrance  End 


Flow  Tube  Cross  Section — One  Third  of  Coil  Length 


figure  37c.  Flow  Tube  Cross  Section — Two  Thirds 
of  Coil  Length 

Results  of  the  catalytic  activity  studies  with  stainless  steel  flow 
ttltJ  58  during  the  development. phase  of  the  program  indicated  that  the 
decomposition  cf  ammonia  under  dynamic  conditions  was  predominately  a 
kinetic  controlled  process  at  surface  temperatures  below  1250°F  and  a 
diffusion  controlled  process  above  this  temperature.  It  has  been  postulated 
that  a  reaction  in  a  flowing  system  can  become  diffusion  controlled  when 
one  of  the  species  forms  an  unstable  complex  with  the  catalytic  surface, 
and  that  its  lifetime  is  short  compared  to  the  system  diffusion  time.  The 
experimental  data  appeared  to  verify  this  premise  by  the  fact  that  no 
nitrogen  was  found  in  the  tube  material  on  the  thruster  core.  In  addition, 
the  damage  to  the  flov/  tubes  cn  the  thruster  core  appeared  to  be  in  direct 
relationship  to  the  ammonia  concentration  to  which  they  were  exposed. 

This  was  concluded  from  the  fact  that  the  damage  to  the  flow  tube  decreased 
as  it  approached  the  nozzle,  coinciding  with  the  decrease  in  ammonia  con¬ 
centration  due  to  its  decomposition  along  the  flow  tube.  The  flow  tube  wall 
was  at  constant  temperature  along  the  core  even  during  propellant  pulses. 
Thus,  temperature  effects  on  flow  damage  did  not  exist.  The  more  catas¬ 
trophic  failure  in  the  flow  tube  occurred  in  the  region  where  stable  nitride 
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formed.  However,  the  damage  Eu«*-ilaed  by  the  flow  tubes  in  the  regions 
where  nitrogen  was  not  found  by  the  electron  beam  probe  analysis  wag 
sufficient  to  cause  a  failure  eventually.  The  flow  tubes  were  brittle  as  a 
result  of  this  type  of  ammonia  attack  and  the  material  resembled  a  sponge 
in  areas  of  massive  attack.  The  results  of  the  thruster  failure  and  cub- 
sequsnt  analysis  indicated  that,  although  stainless  steel  is  an  excellent 
catalyst  for  decomposing  ammonia,  it  has  no  long-term  corrosion  resis¬ 
tance  to  ammonia. 

During  the  time  period  that  the  failure  analysis  was  being  performed 
cr  the  tb '•’later,  a  lens-term  material®  compatibility  assembly  was  al 
subjected  to  an  electron  beam  probe  analysis.  This  assembly  consisted  of 
a  tubular  heater  element  and  stainless  steel  flow  tube  coiled  and  brazed  to 
a  nickel  core.  The  heater  element  had  an  Inconel  600  sheath,  magnesium 
cxide  insulation,  and  a  Nichrome  V  element  wire.  The  flow  tube  was  type 
304  stainless s  steel,  and  the  braze  material  was  AMI-102,  which  is  an 
alloy  containing  15.2  percent  chromium,  5  percent  silicon,  and  the  balance 
nickel.  This  assembly  had  been  in  test  in  a  vacuum  environment  for  a 
period  of  4303  hours,  during  which  it  was  maintained  at  1  COO°F  for 
2756  hours.  A  view  of  the  sectioned  assembly,  mounted  in  plastic  for 
analysis,  isi  shown  in  Figure  38.  An  enlarged  view  of  a  small  area  of  the 
assembly  is  chown  in  Figure  39.  The  areas  that  were  analyzed  are  identi¬ 
fied  in  tltis  figure.  In  addition  to  the  assembly  that  had  been  in  test,  an 
assembly  in  an  as-brazed  condition  was  also  sectioned  and  its  conotj.tutents 
analyzed  with  an  electron  beam  probe.  The  results  of  the  analysis  of  the 
exposed  and  as-brazed  assemblies  are  listed  in  Table  HI. 

The  most  important  result  of  the  analysis  of  the  heater  element 
samples  is  evident  from  the  data  presented  in  the  table;  i.  e. ,  the 
tendency  for  elemental  composition  of  the  components  in  contact  to  become 
uniform.  This  trend  toward  uniform  composition  is  due  to  solid-state 
diffusion  of  the  component  materials.  Tbs  diffusion  between  the  com¬ 
ponents  changed  their  structural  characteristics,  as  can  be  seen  in 
Figure  39.  This  shows  the  profusion  of  voids  that  developed  as  the 
result  of  the  interdiffusion  of  component  material.  The  result  of  this 
analysis  indicated  that  materials  in  intimate  contact  on  the  thruster  core 
would  have  to  be  of  the  same  composition. 
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Figure  39.  Photomicrograph  of  Heater  Element  Assembly 


The  dark  coating  on  the  interior  surface  of  the  nozzle  expansion 
core.  Figure  33c  was  analyzed  with  an  electron  beam  probe.  Formation 
of  this  coating  coincided  with  the  degradation  of  thruster  thermal  per¬ 
formance.  The  analysis  indicated  that  this  coating  was  composed  of 
essentially  pure  carbon.  The  presence  of  a  carbon  layer  on  the  nozzles 
would  result  in  a  change  of  a  factor  of  five  in  their  surface  thermal 
emi8sivity.  This  change  probably  caused  a  large  increase  in  the  thruster 
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heat  loss  due  to  thermal  radiation  from  the  nozzles.  The  source  of  the 
coats  -ig  aaa  pump  oil  molecules  that  cracked  as  they  collided  with  the  hot 
nozzle  surface.  A  dark  coating  did  not  form  on  the  nozzles  of  subsequent 
thrusters.  Thia  was  due  tc  more  effective  trapping  of  the  diffusion  pump 
used  in  the  teat  syatem.  The  diffusion  pump  baffles  were  water  coded 
during  testing  of  the  first  thruster,  and  liquid  nitrogen  cooled  during 
subsequent  testing. 


Table  HI.  Assembly  Component  Chemical  Composition 
- - - - - - 


Comocst  iiic 


l-„  Stainless  Steel  Flow  Tube 


Iron 

67.  0 

35.0 

Nickel 

12.  0 

51.0 

Chromium 

21.0 

13.0 

Silicon. 

0.2 

1.0 

100.  2 

100.0 

2.  inconel  600  Sheath 

Iron 

7.0 

26.0 

Nickel 

78.0 

59.0 

]  Chromium 

15.  0 

15.0 

Silicon 

nil 

0.2 

100.  0 

100.2 

3.  Braze  Alloy 

Iron 

4.0 

28.  0 

Nickel 

75.0 

56.  0 

Chromium 

19.0 

14.0 

Silicon 

2.5 

2.0 

. 

100.  5 

100.0 

Element,  Weight  Percent  Corrected 
to  the  Nearest  1  Percent 


As  Brazed 


Exposed 


I.L. 
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5.2  SECOND  ACSKS  THRUSTER 

The  selection  of  construction  materials  for  the  second  ACSFJ3  thrus¬ 
ter  (all  metallic  components  were  nickel)  was  based  o»  the  results  of  the 
analysis  of  the  first  ACSKS  thruster,  the  heater  element/compatibility 
test  assembly,  and  data  obtained  from  tests  of  the  compatibility  of  various 
materials  with  ammonia.  This  thruster,  however,  failed  after  106  days 
of  operation.  The  failure  resulted  from  porosity  that  had  developed  in  the 
flow  tube  walls,  extending  along  the  major  portion  of  the  thruster  core. 

The  region  of  maximum  porosity  occurred  at  the  hottest  section  of  the 
core.  The  thruster  core  was  sectioned  for  both  visual  inspection  and 
electron  beam  microprobe  analysis.  Photographs  of  parts  of  the  sectioned 
thruster  are  shown  in  Figures  40  and  41  . 

There  is  evidence  in  all  of  the  photographs  of  a  gap  between  the  flow 
tubes  and  their  grooves.  This  probably  occurred  during  the  wrapping 
process  when  the  tubing  was  coiled  in  the  core  grooves.  These  voids  did 
not  appear  to  affect  thruster  performance,  because  the  thruster  did  per¬ 
form  satisfactorily  prior  to  the  porosity  formation. 

The  flow  tube  cross  sections  shown  in  Figure  40  are  grossly  dis¬ 
torted,  and  are  cracked  in  some  instances.  The  distortion  could  have  re¬ 
sulted  from  stress  relieving  of  the  electroplated  layer  during  high  temp¬ 
erature  operation.  The  electroplated  nickel  coating  on  the  heater  element, 
and  also  that  over  the  flow  tubes,  was  deposited  in  several  layers.  The 
unit  was  heated  to  500°  F  after  each  layer  wa«  plated  for  the  purpose  of 
stress  relieving  the  plating.  This  may  not  have  been  effective  for  the  very 
large  total  electroplated  thickness.  There  is  a  second  possible  cause; 
i.  e.  ,  that  the  distortion  of  the  tubes  did  not  occur  until  after  propellant 
began  penetrating  the  flow  tube  wall.  In  that  case,  the  movement  of  the 
plating  could  have  resulted  through  an  interaction  between  the  nickel 
plating  and  the  ammonia  and  its  decomposition  products.  The  maximum 
amount  of  flow  tube  distortion  appears  in  the  region  of  maximum  porosity. 
This  can  be  seen  by  comparing  the  thruster  section  in  Figure  41  with  that 
in  Figure  40,  which  had  the  higher  porority. 

The  thruster  core  section  shown  in  Figure  40  was  used  for  a  nitrogen 
analysis  with  an  electron  beam  microprobe.  No  n?*rogen  was  detected  in 
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cither  the  flow  tv  To  wails  or  the  surrounding  electroplated  areas,  although 
the  flow  tuba  wall  material  was  brittle.  At  the  operating  temperature  of 
the  thrashsr  core,  the  nitrides  of  nickel  are  unstable.  However,  during 
the  ammonia  decomposition  process,  unstable  nitrides  would  form  with 
the  wall  material  as  intermediate  species.  It  is  possible  that  soma  of  the 
nitrogen  liberated  by  the  decomposition  of  these  intermediate  compounds 
could  diffuse  into  the  flow  tube  wall  material  rather  than  into  the  propel¬ 
lant  flow  stream.  In  this  case,  the  nitrogen  would  be  involved  in  reactions 
and  dissociations,  especially  at  the  grain  boundaries  of  the  tube  wall  ma¬ 
terial.  The  grain  boundaries  would  present  the  most  active  sites  for  re¬ 
action  and  the  easiest  path  for  migration.  This  process  would  account 
for  the  complete  embrittlement  of  the  flow  tube  with  the  presence  of,  at 
most,  a  negligible  quantity  of  nitrogen  in  the  material.  A  similar  behavior 
of  metals  in  contact  with  corrosive  media  as  well  as  hydrogen  anvi  helium 
is  discussed  in  Reference  3. 

The  selection  of  nickel  200  for  the  flow  tube  material  of  this  thruster 
was  based  on  the  results  of  compatibility  tests  performed  during  the  failure 
analysis  period  of  the  first  thruster.  During  these  tests,  nickel  200  tube 
samples  were  continuously  exposed  to  ammonia  for  periods  in  excess  of 
30  hours  at  temperatures  of  1000°F  and  1650°F.  The  tube  samples 
appeared  to  sustain  only  moderate  change  in  physical  properties  and 
appearance  during  this  exposure  period.  The  depth  to  which  structural 
changes  of  the  nickel  had  progressed  was  small,  relative  to  the  tube  wall 
thickness.  The  exposure  time  of  the  nickel  to  ammonia  in  the  compatibility 
testa  was  considerably  in  excess  of  the  integrated  time  exposure  of  the 
propellant  flow  tubes  during  a  1-year  mission  (  <  10  hours).  However, 
the  flow  tubes  of  the  second  thruster  failed  after  an  integrated  time  expos¬ 
ure  of  approximately  0.  3  hour.  The  data  obtained  from  ammonia  compat¬ 
ibility  tests  in  which  the  material  samples  were  subjected  to  &  periodic 
ammonia  exposure  also  verified  that  failure  would  occur  in  certain  ma¬ 
terials  with  short  integrated  time  exposure.  Those  materials  that  did 
fail  with  short  exposure  times  were  also  materials  that  exhibited  good 
catalytic  activity  for  ammonia  decomposition.  Materials  tested  that  were 
resistant  to  ammonia  attack  exhibited  essentially  no  catalytic  activity  for 
ammonia  decomposition. 
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5.  3  THRUSTER  ANALYSES  CONCLUSIONS 


The  results  of  these  compatibility  tests  appear  to  verify  the  forma¬ 
tion  of  unstable  nitrides  and  migration  of  nitrogen  within  materials  that 
are  effective  decomposition  catalysts.  Also,  this  process  appears  to 
proceed  during  periods  between  exposure  to  ammonia.  One  material  that 
exhibited  excellent  resistance  J  ammonia  attack,  but  essentially  no 
catalytic  activity  for  its  decomposition,  was  Inconel  X750.  This  behavior 
appears  to  be  due  to  the  formation  of  stable  chromium  nitride  on  the  alloy 
surface  exposed  to  ammonia.  Chromium  was  found  to  diffuse  from  the 
interior  of  the  material  sample  which  enhanced  both  the  thickness  and 
uniformity  of  the  nitride  surface.  The  stabilizing  elements  in  the  alloy, 
aluminum  and  titanium,  appear  to  form  nitrides  in  the  grain  boundaries 
of  the  expos**d  surface.  This  would  inhibit  the  migration  of  nitrogen 
throughout  the  material.  As  a  result  of  this  data.  Inconel  X750  was  se¬ 
lected  as  the  flow  tube  material  for  the  third  ACSKS  thruster.  Because  it 
did  not  have  the  required  catalytic  activity  for  ammonia  decomposition, 
the  flow  tubes  were  fabricated  with  a  nickel  liner.  This  liner  was  expected 
to  present  a  catalytic  surface  to  the  flowing  propellant  stream.  Although 
nickel  is  embrittled  as  a  result  of  exposure  to  ammonia,  it  did  net  exhibit 
any  dimensional  change,  and  retained  its  special  configuration  when  not 
subjected  to  any  physical  loading.  A  thin  aluminum  oxide  layer  wae 
sandwiched  between  the  nickel  liner  and  the  Inconel  X750  outer  tube.  This 
aluminum  oxide  layer  serves  as  a  barrier  fer  the  interdiffusion  of  the 
coaetituants  of  tho  tubo/ liner  combination.  Thia  type  of  propellant  flow 
tuba  proved  satisfactory  for  decomposed  ammonia  thruster  use. 
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6.  CONCLUSIONS  AMD  JRECOmi «.ENDATIONJ 


Ilia  results  of  the  life  test  indicate  that  an  electrically  heated 


ammonia  pi  opulaion  system  can  be  utilized  for  spacecraft  attitude  control 
and  station  keeping  maneuvers.  There  were  no  interface  problems  en¬ 
countered  when  operating  the  control  electronics,  thruster,  and  zero- 
gravity  feed  system  in  closed  loop.  The  final  test  system  exhibited  the 
reliability  necessary  for  long-term  spacecraft  operation.  The  total  lapsed 
time  of  the  test,  including  the  demonstration  test,  was  752  days.  During 
this  time  periou,  the  oy--*ern  was  operated  in  closed- loop  for  540  days. 

6.  1  CONTROL  ELECTRONICS  CONCLUSIONS 


The  control  electronics  demonstrated  excellent  control  mode  charac¬ 
teristics.  '.'.he  one  abnormal  operating  characteristic  of  the  control  dec* 
ironies  was  a  shift  in  null  point  during  the  transition  from  atmospheric  to 
vacuum  environment.  This  effect  can  be  eliminated  by  the  use  of  a  matched 
pair  cf  FETk  which  are  currently  available.  In  addition,  a  lower  current 
in  the  FET  eiicuit  might  increase  their  stability. 

6.2  THRUSTER  CONCLUSION 


The  ACSKS  thruster  demonstrated  high  thermal  and  specific  impulse 
performance.  The  thruster  reliability  was  not  demonstrated  until  the 
final  stage  of  the  test  program.  The  results  of  the  thruster  failure  analy¬ 
sis  and  material  compatibility  test  analyses  performed  during  the  program 
were  successfully  applied  to  thruster  design.  The  composite  flow  tubes 
used  on  the  final  thruster  exhibited  the  required  reliability  necessary  for 
spacecraft  application.  The  results  of  these  analyses  also  were  responsi¬ 
ble  for  the  evolution  of  the  plasma  spray  technique  for  attachment  of  the 
flow  tubes  tc  the  cere.  By  this  technique,  the  composition  of  the  bonding 
material  car,' be  more  nearly  matched  to  that  of  tlio  structural  material. 
Also,  the  structural  component  and  thruster  heater  element  are  not  sub¬ 
jected  to  the  extreme  temperature  necessary  for  a  satisfactory  braze 
bonding. 

High  thruster  thermal  performance  was  achieved  by  the  use  of 
oupor  insulation.  This  type  of  insulation  consists  of  alternate  layers  of  a 
thin,  iow-emissivity  foil,  such  as  molybdenum,  and  a  woven  quartz  fabric. 
One  problem  that  was  encountered  with  the  use  of  super  insulation  was 
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r jsro-iucibiiity  in  assembly  of  the  insulation  package.  In  several  instances, 
it  was  necessary  to  relnaulate  a  thruster  to  obtain  the  minimum  potential 
hi'.. it  io.se.  The  problem  of  obtaining  a  reproducible  insulation  character¬ 
istic  has  been  solved  by  using  a  thinner  quarts  cloth  than  that  available  at 
the  time  of  thruster  fabrication. 

The  thruster  design  demonstrated  that  nearly  complete  decomposition 
ot  ammonia,  accessary  for  high  specific  impulse  performance,  could  be 
achieved  by  using  the  concept  of  diffusion-controlled,  wall- catalysed  re¬ 
action*.  The  use  oc  this  concept  eliminated  the  need  for  a  catalyst  bed  to 
achieve  the  high  performance.  The  delivered  specific  impulse,  and  there¬ 
fore  the  fraction  ammonia  decomposed  in  the  flow  tubes,  of  the  final 

*  rf‘*  t*ur  CJ  jf --  —  »*  -  *4  •  -  **.  -..-.a  ' ■*'  TTJ  — 

-  KT.  AUltVjw*  1  V/J  Align  ^ 

for  mane  a  operation  with  this  thruster  \va* '  chleved  at  thrust  levels  above 
that  required  by  the  control  system.  The  .  h  specific  Impulse  can  be 
maintained  at  lower  thrust  levels  with  thrus.  *  having  composite  flow 
tubes  by  decreasing  the  flow  passage  area  and  increasing  the  tube  length. 
Those  changes  will  produce  the  required  turbulence  in  the  propellant  flow 
stream  to  achieve  r  early  complete  decomposition. 


Tho  r.ero- gravity  feed  system  designed  for  this  program  performed 
within  specification.',  throughout  the  entire  life  test,  Tho  functional  feasi¬ 
bility  of  the  capillary  tubs  concept  for  vapor-pbase  propellant  delivery  was 
demonstrated  by  the  teat.  The  propellant  delivery  system  accepted  either 
liquid  or  vapor  phase  ammonia  from  the  storage  tank  and  supplied  vapor 
phase  ammonia  only  to  the  distribution  system  plenum.  It  performed  this 
function  at  all  flow  demands  imposed  by  the  various  control  system  opera¬ 
ting  modes.  In  addition,  the  pressure  regulation  capability,  reliability, 
and  versatility  of  tho  pressure  control  circuit/ capillary  tube  combination 
were  demonstrated.  The  feed  system  supplied  the  vapor  phase  propellant 
within  the  pressure  band  necessary  for  predictable  and  reproducible 
thruster  performance. 


One  improvement  that  could  be  made  in  the  feed  system  design  is  the 
incorporation  of  a  1  ad-lag  network  in  the  electronic  switch  circuit.  This 
network  would  make  the  switch  responsive  to  both  delivery  pressure  and 
rate  of  change  Oi  delivery  pressure.  The  rate  sensitivity  would  decrease 
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the  difference  in  pressure  control  band  between  vapor  entering  the  capil 
lary  tubes  and  liquid.  —  . 
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*  This  report  describes  s  life  test  of  an  attitude  control  and  station  ka-apiag  sub- 1 
systee  which  ueea  nn  electrically-heated  fflaaoaia  propulsion  system.  A  high-pa rf orawnct] 
stsaoaia  thruster  and  a  zero-gravity  aaaonla  feed  system  were,  operated  in  response  to  | 
the  stic?ulua  of  control  electronic*;  typical  of  future  military  spacecraft.  This  test  | 
was  a  continuation  of  a  successful  one-ennth  demonstration  teat  pcxfoiticd  &a  the  final  f 
task  of  a  system  development  prcgrsai’&In  total,  the  teat  waa  continued  for  a  period  o| 
752  dayp,  during  540  days  of  which  the  system  was  operated  elo«*d-iocp.  The  feed  f 
aystea  was  operational  for  the  entire  test  period.  In  successfully  regulated. ’delivery  f 
pressure  to  within  a  3  percent  dead-hand  under  a  wide  variety  of  eatvironaeiit.iU.  and  duty® 
cycle  conditions.  Throe  different  four-aoszle  throe  ter  a  werp.  tested,  two  of  wM.cXx 
felled  due  to  amenta  corrosion  after  periods  of  5  and  3-1/2  months*  The  teasfc  af  the  I 
third  thruster  waa  ter»  Lasted  after  r.  6-Ecnth  period  of  successful  operation..  He  | 

msaonia  corrosion  vm  evident.  The  thruster  characteristic o  i>ciud&d  a  dnllve raft  | 

specific  impulse  of  240  seconds  at  1500*F.  A  power  level  of  14  watts  was  required  to  | 
maintain  this  tempc-&t\ixe  with  ac  flow.  § 
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